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The activity of human TREX2-catalyzed 3�3 5�-deoxyribo-
nuclease has been analyzed in steady-state and single turnover
kinetic assays and in equilibrium DNA binding studies. These
kinetic data provide evidence for cooperative DNA binding
withinTREX2and for coordinated catalysis between theTREX2
active sites supporting a model for communication between the
protomers of a TREX2 dimer. Mobile loops positioned adjacent
to the active sites provide the major DNA binding contribution
and facilitate subsequent binding into the active sites. Muta-
tions of three arginine residues on these loops cause decreased
TREX2 activities by up to 60-fold. Steady-state kinetic assays of
these arginine to alanine TREX2 variants result in increasedKm
values for DNA substrate with no effect on kcat values indicating
contributions exclusively toDNAbindingby all three of the loop
arginines. TREX2 heterodimers were prepared to determine
whether exonuclease activity in one protomer is communicated
to the opposing protomer. Evidence for communication across
the dimer interface is provided by the 7-fold lower catalytic
activity measured in the TREX2WT/H188A heterodimer com-
pared with the TREX2WT homodimer, contrasting the 2-fold
lower activity measured in the TREX2WT/R163A,R165A,R167A het-
erodimer. The measured activity in TREX2WT/H188A het-
erodimer indicates that defective catalysis in one protomer
reduces activity in the opposing protomer. ADNAbinding anal-
ysis of TREX2 and the heterodimers indicates a cooperative
binding effect within the TREX2 protomer. Finally, single turn-
over kinetic assays identify DNA binding as the rate-limiting
step in TREX2 catalysis.

The 3�3 5�-deoxyribonucleases play fundamental roles in a
variety of DNA metabolic pathways. These enzymes process
DNA 3� ends by removing nucleotides one at a time to remodel
3� termini for subsequent molecular events in cells (1, 2).
TREX1 is the most active 3�-deoxyribonuclease purified from
mammalian cells (3, 4). TREX2 has not been purified from cells,
but recombinant TREX1 and TREX2 generated in Escherichia
coli confirm the robust nature of these deoxyribonucleaseswith
TREX1 exhibiting about a 10-fold greater activity than TREX2

(5–7). The high catalytic efficiencies measured for TREX1 and
TREX2 can be attributed in part to the nature of the active sites.
The TREX gene sequences and Mg2� ion dependence sug-
gested that these deoxyribonucleases might be members of the
DnaQ-like exonuclease family that utilize a two Mg2� ion-de-
pendentmechanism for catalysis (8–12). TheDnaQ-like family
contains both deoxyribo- and riboexonucleases and has been
divided into two subfamilies characterized by the presence of
four conserved carboxylate residues and a histidine (DEDD-h)
or a tyrosine (DEDD-y) positioned in the active site (13). The
TREX enzymes prefer excision of deoxynucleotide polymers
over ribonucleotide polymers by about 1000-fold (5)2 with
specificity for unmodified 3� termini (14, 15). The four carbox-
ylate residue side chains in the DnaQ-like enzymes coordinate
two divalent metal ions, and the histidine or tyrosine is posi-
tioned to deprotonate a water producing the nucleophile for
attack on the target phosphate to affect bond cleavage (16–19).
TREX1 and TREX2 are the only mammalian deoxyribonucle-
ase members of the DEDDh subfamily. The structures of
TREX1 and TREX2 and mutations in the active site carboxy-
lates and histidine confirm their catalytic role (20, 21).
That TREX1 and TREX2 are homodimers was first proposed

from solution studies (5–7) and was subsequently observed in
the crystal structures (20–22). Dimerization of the TREX
enzymes generates a central extended �-sheet across the entire
molecule and positions the active sites toward opposite outer
edges on the same face of the enzyme. Additional structural
elements unique to TREX1 and TREX2 are found flanking the
active sites and positioned near the dimer interface. The pres-
ence of two related TREX genes is only seen in mammalian
genomes (23), whereas other metazoans, including amphibians
and insects, have a single TREX gene. The presence of two
related TREX genes in mammals and not in other species sug-
gests the need in higher organisms for distinct dimeric 3�-de-
oxyribonucleases withmodified unique elements to provide for
specific cellular functions.
Mutations in the human TREX1 gene cause Aicardi-Gout-

ieres syndrome mediated through immune dysfunction (24),
and Trex1�/� mice exhibit an autoinflammatory phenotype
proposed to be mediated through the failed processing of aber-
rant DNA replication intermediates resulting in chronic check-
point activation and autoimmunity (25, 26). TREX1 is located
in the endoplasmic reticulum and relocates into the nucleus
along with the SET complex in response to DNA-damaging
conditions. In the nucleus TREX1 is proposed to participate in
a cell death pathway by actingwith theNM23-H1 endonuclease
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to degrade the genomic DNA (27). Consistent with this view,
TREX1mutations have now been associated with several auto-
immune disease phenotypes presumably resulting from failure
to appropriately process DNA during replication, repair, or cell
death (24, 28–32).
Proofreading of DNA synthesis by 3�-exonucleases is one of

the major determinants of mutagenesis and genome stability.
Cells lacking this ability show a high incidence of cancers (33,
34). Similarities to the proofreading exonucleases and the pref-
erence for frayed DNA ends lead to the proposal that the TREX
enzymes might serve an extrinsic function to proofread errors
generated by DNA polymerases that lack intrinsic exonuclease
activities (5, 6). There is some genetic evidence for extrinsic
proofreading by some exonucleases of DNA polymerases (35–
37), but evidence that the TREX enzymes act as proofreaders is
supported only by in vitro studies (1). Although direct genetic
evidence for a TREX2 role in mammalian DNAmaintenance is
lacking, cells deleted of TREX2 exhibit increased levels of
chromosomal rearrangements suggesting a role in genome
stability (38). The severe consequences of 3�-deoxyribonu-
clease loss of function in cells highlight the need to under-
stand the precise mechanisms of these exonucleases in DNA
metabolic processes.
The nature of efficient catalysis at DNA 3� termini was

revealed in the TREX2 structure, and mutagenesis confirmed
contributions of key residues on a disordered loop positioned
adjacent the active sites (20). A flexible loop region containing
three Arg residues is appropriately positioned to bind a nucleic
acid polymer substrate and control entry into the active site.
The sequence of the loop region in TREX2 is distinguished
from that of TREX1. The kinetic studies presented here address
the 3�-deoxyribonuclease action of the TREX2 enzyme by pre-
cisely quantifying contributions of key residues within TREX2
to catalysis of deoxyribonucleotide polymers. Mutagenesis
studies demonstrate that each of the three arginines positioned
on the�6–�7 loop, which is disordered in the crystal structure,
all contribute to nucleic acid binding. Studies presented here
provide evidence that there is direct communication between
the TREX2 active sites within the dimer despite the consider-
able distance separating these sites. These data indicate that the
dimer structure of the TREX enzymes has both catalytic and
biologic implications.

EXPERIMENTAL PROCEDURES

Materials—The synthetic 30-mer oligonucleotide 5�-ATAC-
GACGGTGACAGTGTTGTCAGACAGGT-3� and the same
oligonucleotidewith 5�-fluorescein (FAM)3were fromOperon.
Enzyme Preparation—The plasmid constructs used to

express the human TREX2 enzyme and variants in Escherichia
coli and purification of the enzymes have been described (20,
29, 39). The TREX2 variant plasmid constructs were produced
using a PCR site-directed mutagenesis strategy (40), and the
constructs were confirmed by DNA sequencing.
Variant TREX2 heterodimers were prepared using a proce-

dure similar to that described for preparation of TREX1 het-

erodimers (29). Briefly, a variant and awild-type copy of TREX2
were cloned on separate plasmids for coexpression in E. coli.
The TREX2R163A,R165A,R167A and TREX2H188A variant genes
were cloned into the pLM303X plasmid lacking a polyhistidine
sequence retaining the rhinovirus 3C protease recognition site
between the maltose-binding protein and TREX2. The WT
TREX2 genewas cloned as a fusion of theHis-taggedNusAwith
TREX2 in the pCDFDuet-1 plasmid (Novagen). The
pLM303X-TREX2 variants and pCDFDuet-1-TREX2-WT
plasmids were co-expressed in E. coliBL21(DE3) Rosetta 2 cells
(Novagen) resulting in the possible formation of WT/WT
homodimers, WT/MUT heterodimers, and MUT/MUT
homodimers. The WT/WT TREX2 homodimers and
WT/MUTTREX2heterodimerswere recovered using a nickel-
nitrilotriacetic acid resin (Qiagen). TheWT/MUTTREX2 het-
erodimers were recovered by subsequent chromatography
using an amylose resin. The His-tagged NusA and maltose-
binding proteins were removed from the fusion by treatment
with PreScission ProteaseTM (GE Biosciences), and the TREX2
enzyme was purified using a phosphocellulose column.
Exonuclease Assays-Time Course Reactions—The exonucle-

ase time course reactions (210 �l) contained 20 mM Tris-HCl
(pH 7.5), 5 mM MgCl2, 2 mM dithiothreitol, 100 �g/ml bovine
serum albumin, 50 nM FAM-30-mer oligonucleotide, and 380
pM TREX2 protein. Incubations were at 25 °C. At the indicated
times, the samples were removed, quenched by addition of 3
volumes of cold ethanol, and dried in vacuo. Pellets were resus-
pended in 6 �l of formamide, heated to 95 °C for 5 min, and
separated on 23% denaturing polyacrylamide gels. Fluorescent-
labeled bands were visualized and quantified using a Storm
PhosphorImager (GE Healthcare). The amount of dNMP
excised in a reaction was quantified as described (39).
Steady-state Reactions—The exonuclease reactions (10�l) to

determine Km and kcat values for the variant TREX2 proteins
were as described above with the concentrations of FAM-30-
mer oligonucleotide and TREX2 proteins indicated in the fig-
ure and table legends. The reactions to determine Km and kcat
values for the wild-type TREX2were 50 �l. Incubations were at
25 °C for 20 min. Reaction products were quantified to deter-
mine the amount of dNMP excised as described above. All
enzyme dilutions were prepared on ice in 1 mg/ml bovine
serum albumin. The steady-state kinetic data were fit to a
hyperbolic equation to calculate the Michaelis-Menten kinetic
parameters. The Km and kcat values and standard errors for
TREX2 and variant proteins were determined by nonlinear
regression using SigmaPlot 8.02 (SPSS Science, Inc.).
Equilibrium DNA Binding Analysis—The DNA binding

reactions (30 �l) contained 20 mM Tris-HCl (pH 7.5), 2 mM
CaCl2, 2 mM dithiothreitol, 5 mM NaCl, 1% glycerol, 10 nM
FAM-30-mer plus unlabeled 30-mer to yield the indicated final
oligonucleotide concentration and TREX2 protein. Fluores-
cence anisotropy measurements to quantify TREX2 binding to
the FAM-30-mer were obtained at 25 °C from reaction samples
(20 �l) in microtiter plates using a Tecan Safire2TM with fluo-
rescence polarization module using excitation and emission
wavelengths of 470 and 525 nm, respectively. The observed
relative fluorescence anisotropy (relative Aobs) is presented
as follows: relative Aobs � (An � Ao)/Ao, where An is the

3 The abbreviations used are: FAM, 5�-fluorescein; BD, binding density; WT,
wild type; MUT, mutant; ssDNA, single-stranded DNA.
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anisotropy at point n in the titration, andAo is the anisotropy
of the DNA in the absence of TREX2. The maximum relative
Aobs in TREX2 titrations using 10 nM FAM-30-mer and Ca2�

is 15 � 0.6.
A modification of the macromolecular competition titration

method described by Bujalowski and co-workers (41, 42) was
used to quantify TREX2 binding to the 30-merDNA.A series of
titrations was performed with increased amounts of TREX2
and 10 nM FAM-30-mer plus unlabeled 30-mer to yield the
indicated final DNA concentrations. Binding of TREX2 to the
unlabeled 30-mer competes with binding to the FAM-30-mer.
The average binding density (BD) to the 30-mer and the con-
centration of free TREX2, TREX2F, were calculated using the
mass conservation (Equations 1 and 2) (42, 43),

BD �
�TREX2Total2 � TREX2Total1�

�DNATotal2 � DNATotal1�
(Eq. 1)

and

TREX2F �
�DNATotal1 � TREX2Total2 � DNATotal2 � TREX2Total1�

�DNATotal1 � DNATotal2�

(Eq. 2)

Model-independent binding isotherms were generated for
TREX2 and variants by relating the dependence of the observed
relative fluorescence anisotropy to the calculated BD and
TREX2F from DNA binding curves measured at five different
DNA concentrations between 300 and 1500 nM. The TREX2
DNA titration data were analyzed using Equations 13–15 from
Jezewska et al. (44) to obtain the intrinsic binding constant K
and cooperativity parameter � for TREX2 binding to the
30-mer DNA. The binding data were fit to the indicated equa-
tions using SigmaPlot 8.02 (SPSS Science, Inc.).
Single Turnover Reactions—Single turnover kinetic assays

were performed using a Biologic SFM-400 (Bio-Logic USA,
LLC, Knoxville, TN) configured for quench-flow and the same
reaction buffer as the steady-state experiments except the
bovine serum albumin was replaced with 10% glycerol. An ali-
quot (75�l) of the TREX2 solution from one syringe wasmixed
with the oligonucleotide substrate (75 �l) from the second
syringe, and the reaction was allowed to proceed at 25 °C for
time intervals ranging from 4 to 2000 ms. Reactions were
quenched in 0.3 M EDTA (final concentration) by an aliquot (75
�l) from a third syringe. A portion of the quenched reaction
mixture (10�l) was dried in vacuo, resuspended in 8�l of form-
amide, and processed as described above to quantify the prod-
ucts. The amount of 30-mer was plotted against time and fit by
nonlinear regression using SigmaPlot 8.0 to the single exponen-
tial equation: [30-mer] � A�e�kobs�t � C, where A is the ampli-
tude; t is the time; C is the final [30-mer], and kobs is the
observed TREX2 exonuclease rate.
Protein and Nucleic Acid Concentrations—The proteins and

oligonucleotides were quantified byA280 andA260, respectively.
Protein and DNA concentrations were determined using the
web tools available from ExPAsy (45) and OligoCalc, respec-
tively. TREX2 concentrations are expressed as protomer, and
oligomer concentrations are expressed as 3� termini.

RESULTS

Catalytic Efficiency of TREX2—Three arginines located at
residue 163, 165, and 167 on the �6-�7 loops positioned adja-
cent to the active sites contribute to TREX2 catalytic efficiency.
Our previous studies demonstrate the high catalytic efficiencies
of TREX1 and TREX2, with about a 10-fold lower efficiency for
TREX2 relative to that of TREX1 (23). These data indicated that
this 10-fold lower efficiency of TREX2 could be largely attrib-
uted to differences inDNAbinding.Mutation of all three argin-
ines to alanine results in a dramatically decreased catalytic effi-
ciency of the TREX2 enzyme, almost exclusively mediated
through an increased Km value suggesting a DNA binding con-
tribution by one or all three of these arginines (20). To identify
contributions to exonuclease activity by the Arg-163, Arg-165,
and Arg-167, a series of TREX2 variant enzymes was generated
in which each of these residues was changed to alanine individ-
ually or in combinations, and the variant TREX2 enzymes were
expressed and purified (supplemental Fig. 1). Interestingly, we
were not able to express and purify a TREX2R165A enzyme indi-
cating considerable instability in this variant TREX2 protein.
The TREX2H160A enzyme was also prepared to test possible
contributions to activity by the histidine located at position 160
on the TREX2 �6-�7 loop. The TREX2 and variant proteins
were tested for 3� 3 5�-deoxyribonuclease activity in time
course reactions using a 30-mer oligonucleotide to confirm the
presence of exonuclease activity in each of the TREX2 proteins
and to establish the relative 3�-nucleotide excision activities for
the variant TREX2 enzymes. In separate reactions TREX2 or
variant enzymewas incubatedwith the ssDNAoligonucleotide;
samples were removed at the indicated times, and products
were quantified after separation on urea-polyacrylamide gels
(Fig. 1 and supplemental Fig. 2). These data showed reduced
excision activities for all of the TREX2 arginine to alanine var-
iant proteins relative to the wild-type TREX2. The excision
rates of the single Arg TREX2 variants were reduced 2–3-fold
(TREX2R163A � 1.3 nM dNMP/s/nM enzyme and TREX2R167A �
0.94 nM dNMP/s/nM enzyme) relative to the TREX2WT rate
of 2.8 nM dNMP/s/nM enzyme. The excision rates of the

FIGURE 1. The 3�3 5�-deoxyribonuclease activities of TREX2 and vari-
ants. Time course reactions (210 �l) were prepared containing 50 nM FAM-
labeled ssDNA 30-mer oligonucleotide and 380 pM TREX2WT (F), TREX2H160A

(�), TREX2R163A (E), TREX2R167A (�), TREX2R163A,R165A (ƒ), TREX2R163A,R167A

(f), TREX2R165A,R167A (�), or TREX2R163A,R165A,R167A (�). Samples (30 �l) were
removed after incubation at 25 °C for the indicated times. Reaction products
were subjected to electrophoresis on 23% polyacrylamide gels (see supple-
mental Fig. 2). The products were quantified, and the amounts of dNMP
excised were determined as described under “Experimental Procedures.”
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double Arg TREX2 variants were reduced further by 11–18-
fold (TREX2R163A,R165A � 0.24 nM dNMP/s/nM enzyme,
TREX2R163A,R167A � 0.17 nM dNMP/s/nM enzyme, and
TREX2R165A,R167A � 0.16 nM dNMP/s/nM enzyme) relative to
theTREX2WT. Finally, the excision rate of the tripleArgTREX2
variant was reduced 60-fold (TREX2R163A,R165A,R167A � 0.048 nM
dNMP/s/nM-enzyme) relative to the TREX2WT. In contrast to
the loop-arginine variants, the TREX2H160A enzyme activity of
2.6 nM dNMP/s/nM enzyme was indistinguishable from the
wild-type TREX2 enzyme activity indicating that the histidine
at position 160 does not participate directly in catalysis using an
ssDNA oligonucleotide substrate.
Steady-state Kinetics—Mutation of any one of the three

Arg residues on the TREX2 �6-�7 loop reduces the nucleic
acid binding capacity with little effect on catalysis of
3�-nucleotides. A steady-state kinetic analysis of the
TREX2R163A, TREX2R167A, TREX2R163A,R165A, TREX2R163A,R167A,
TREX2R165A,R167A, and TREX2R163A,R165A,R167A variants was
performed and compared with the wild-type TREX2 protein to
identify the nature of the reduced catalytic activity in the vari-
ant TREX2 enzymes (Table 1 and supplemental Fig. 3). These
data show that theKm values of the variant TREX2 enzymes are
increased for all of the Arg to Ala mutations. Measured Km
values ranged from 23,000 nM for the TREX2R163A,R165A,R167A
triple mutant using the 30-mer to Km values of �5000 nM for
the arginine double mutants to Km values of �1000 nM for the
arginine single mutants compared with a Km value of 97 nM for
wild-type TREX2. In contrast, the kcat values of 12–20 s�1 were
similar for each of the �6-�7 loop Arg to Ala variant TREX2
enzymes. Similar kinetic values were obtained using a (dT)20-mer
oligonucleotide substrate demonstrating the lack of effect of
nucleotide sequence context on the TREX2 excision activities
(data not shown). These increased Km values for the variant
TREX2 enzymes relative to the Km value of 97 nM for the wild-
type TREX2 enzyme and the lack of effect on the measured kcat
values indicate a reduced DNA binding affinity for the �6-�7
loop variants and provide direct evidence for the contribution
of the Arg-163, Arg-165, and Arg-167 in the reaction mecha-
nism of 3�-nucleotide excision by TREX2.
Interdependence of Activities in the TREX2 Dimer—Efficient

catalysis in oneTREX2protomer is dependent upon catalysis in
the other protomer. The positions of the active sites on oppo-
site sides of the dimeric molecule suggest the possible inde-
pendent actions of each TREX2 protomer. However, the exten-
sive network of conserved contacts at the dimer interface in
TREX enzymes indicates the importance of the dimeric struc-

ture to biological function and the possible interdependence of
protomersA andBwithin theTREX2 dimer on activity (20). To
address the interdependence of TREX2 activities within the
dimeric molecule, a strategy was developed to prepare TREX2
heterodimers containing a TREX2WT protomer and a variant
TREX2 protomer within the same TREX2 dimer. Co-expres-
sion of WT and variant TREX2 plasmid constructs and subse-
quent purification of the TREX2 dimers containing two differ-
ent affinity tags resulted in the isolation of TREX2 heterodimer
enzymes. The TREX2WT/R163A,R165A,R167A heterodimer was
prepared to test the effects of defectiveDNAbinding in the�6-�7
loop in protomer A on the WT activity of TREX2 in protomer B
within the same dimer. In addition, the TREX2WT/H188A het-
erodimer was prepared to test the effects of defective catalysis
at the active site in protomer A on theWT activity of TREX2 in
protomer B within the same dimer. The activity of the
TREX2R163A,R165A,R167A homodimer is reduced by �60-fold
(greater than 98% under our standard exonuclease assay condi-
tions) relative to the TREX2WT homodimer (Fig. 1), and the
activity of the TREX2H188A homodimer is reduced by �100%
relative to the wild-type TREX2 homodimer (20). Therefore,
we reasoned that if the presence of the TREX2R163A,R165A,R167A
and TREX2H188A variants as protomer A does not affect the
activity of the TREX2WT as protomer B, the predicted reduc-
tion of TREX2 activity would be 2-fold in the heterodimers.
However, if the mutation in protomer A impacts the activity of
protomer B, the overall activity of the dimer would be reduced
by a factor greater than 2-fold.
Time course reactions using the TREX2 heterodimers were

performed with the ssDNA oligonucleotide, and the products
were quantified after separation on urea-polyacrylamide gels
(Fig. 2). These data showed reduced excision activities for the
TREX2WT/R163A,R165A,R167A and for the TREX2WT/H188A

heterodimers. The TREX2WT/R163A,R165A,R167A heterodimer
activity was reduced 2.4-fold (TREX2WT/R163A,R165A,R167A �
1.6 nM dNMP/s/nM-enzyme) relative to the TREX2WT rate of
4.0 nM dNMP/s/nM enzyme. The �2-fold reduction in the
TREX2WT/R163A,R165A,R167A heterodimer suggests that muta-
tions in the DNA binding loop of one TREX2 protomer have
little effect on catalysis in the wild-type TREX2 protomer
within the TREX2 dimer. In contrast, the TREX2WT/H188A het-
erodimer activity was reduced to a greater extent of 6.8-fold
(TREX2WT/H188A � 0.59 nM dNMP/s/nM enzyme) relative to
the TREX2WT enzyme. The greater than 2-fold reduction in
overall activity in the TREX2WT/H188A heterodimer provides
direct evidence for the interdependence of the TREX2 pro-
tomers within the dimer.
DNABinding by TREX2—EquilibriumDNAbinding analysis

reveals a positive cooperativity effect in the TREX2 DNA bind-
ing mechanism with the �6-�7 loop arginines providing the
principle binding contribution. A series of equilibrium binding
studies was performed using the 30-mer oligonucleotide to
explore the mechanism in TREX2 DNA binding. Our previous
studies demonstrated the absolute requirement for an activat-
ing divalentmetal in TREX2 catalysis with preference forMg2�

over Mn2� and the lack of exonuclease activation in the pres-
ence of Zn2� or Ca2� (7).3 Binding reactions containing the
30-mer DNA were performed with increased TREX2 concen-

TABLE 1
Steady-state kinetics of TREX2 and variants

Km
a kcata kcat/Km

Relative
efficiencyb

M (	10�9) s�1 M�1 s�1

TREX2wt 97 � 18 12 � 0.92 1.2 	 108 1
R163A 870 � 91 16 � 0.56 1.8 	 107 1/6.7
R167A 1400 � 83 20 � 0.46 1.4 	 107 1/8.6
R163A,R165A 3900 � 810 14 � 1.2 3.6 	 106 1/33
R163A,R167A 5200 � 590 12 � 0.64 2.3 	 106 1/52
R165A,R167A 7600 � 1800 19 � 2.6 2.5 	 106 1/48
R163A,R165A,R167A 23,000 � 2400 14 � 0.59 6.1 	 105 1/200

a Kinetic constants were derived from reactions in supplemental Fig. 3.
b Relative efficiency is given as M�1 s�1 TREX2 variant/M�1 s�1 TREX2wt.
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trations in the absence of divalentmetal to prevent degradation
of the DNA, and binding was quantified using the observed
increase in anisotropy of the FAM-labeled DNA (Fig. 3A). An
increase in the observed relative anisotropy (Aobs) is detected in
the presence of increased amounts of TREX2 using 10 and 30
nM 30-mer DNA with a maximum increase in the relative Aobs
of �4-fold demonstrating that TREX2 binds DNA in the
absence of an activating divalent cation. The TREX2 DNA
binding curves generated in the absence of divalent metal are

sigmoidal suggesting cooperativity
in the TREX2 dimer association
with DNA. Addition of the nonacti-
vating divalent cation Ca2� to the
TREX2 DNA binding reactions
results in an additional 4-fold
increase in the maximum relative
Aobs indicating a greater stability in
the TREX2-DNA interaction. Titra-
tions of TREX2 with the 30-mer
DNA were performed in reactions
containing Ca2� over a broad range
of DNA concentrations from 10 to
1000 nM to identify appropriate
DNA concentrations that generate
binding isotherms with well sepa-
rated curves (Fig. 3B). This result
shows that TREX2 titrations at
DNA concentrations greater than
300 nM produce binding curves
appropriate for rigorous quantifica-
tion of TREX2 DNA binding.
Finally, we compared TREX2WT

associationwith 30-merDNA in the
presence of Ca2� with TREX2H188A

homodimer variant in the presence
of Mg2� to determine how closely
Ca2�-mediated TREX2 DNA bind-
ing recapitulates Mg2�-mediated
TREX2 DNA binding (Fig. 3C). Our
previous TREX2 structural studies
show that the His-188 residue is
positioned to deprotonate a water
molecule and does not participate
directly in divalent metal ion bind-
ing (20). The Ca2�-mediated
TREX2WT DNA binding is simi-
lar to that of Mg2�-mediated
TREX2H188A DNA binding sup-
porting the use of Ca2� in these
binding studies. These titrations
establish the appropriate conditions
and TREX2 ligand and DNA con-
centrations for generating model-
independent DNA binding iso-
therms. The model-independent
approach described under “Experi-
mental Procedures” was used to
quantify TREX2-DNA binding

independent of assumptions relating the specific proportions of
TREX2-DNA complexes to the observed anisotropy (42).
The equilibriumDNA binding analysis identifies a cooperat-

ivity effect in the association of TREX2 with DNA resulting
from binding to the DNA within the TREX2 protomer. Our
previous results (20) and the steady-state analysis above
indicate that the TREX2R163A,R165A,R167A homodimer is dra-
matically impaired in DNA binding, and the TREX2H188A is
catalytically deficient. The TREX2WT/R163A,R165A,R167A and

FIGURE 2. Interdependence of activities in the TREX2 dimer. Time course reactions (210 �l) were prepared
containing 50 nM FAM-labeled ssDNA 30-mer oligonucleotide and 380 pM TREX2WT (F), TREX2WT/R163A,R165A,R167A

(E), TREX2WT/H188A (�), or TREX2R163A,R165A,R167A/R163A,R165A,R167A (ƒ). Samples (30�l) were removed after incubation
at 25 °C for the indicated times. Reaction products were subjected to electrophoresis on 23% polyacrylamide gels
(A). The products were quantified, and the amounts of dNMP excised (B) were determined as described under
“Experimental Procedures.”
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TREX2WT/H188A heterodimers were used in equilibrium bind-
ing titrations to distinguish cooperative binding of DNAwithin
the TREX2 protomer from possible cooperative binding effects
transmitted across the dimer interface. Fluorescence anisot-

ropy titration curves were first generated at five different DNA
concentrations to quantify DNA binding in the TREX2WT

homodimer (Fig. 4A). As expected, at each successively higher
DNA concentration, the amount of TREX2 required to gener-

FIGURE 3. Fluorescence anisotropy of TREX2 binding to an ssDNA 30-mer.
Equilibrium DNA binding reactions (30 �l) were prepared containing the indi-
cated concentration of FAM-labeled ssDNA 30-mer oligonucleotide (A and B)
or at 300 nM (C) and the indicated TREX2WT (A–C, closed circles) or TREX2H188A

(C, open circles). The reactions contained no divalent metal ions (A), 2 mM CaCl2
(B and C, closed circles), or 5 mM MgCl2 (C, open circles). The observed fluores-
cence anisotropy Aobs were obtained as described under “Experimental Pro-
cedures.” The best fit line in A has no theoretical basis. The lines in B and C were
generated by computer fit of the data using the Hill equation. The Hill coeffi-
cient is 1.5 (B and C) indicating positive cooperativity in TREX2 DNA binding.

FIGURE 4. Fluorescence anisotropy of TREX2 and TREX2 heterodimer
variants. Equilibrium DNA binding reactions (30 �l) were prepared con-
taining the indicated concentration of FAM-labeled ssDNA 30-mer oligo-
nucleotide and the indicated TREX2WT (A), TREX2WT/R163A,R165A,R167A (B), or
TREX2WT/H188A (C) in the presence of 2 mM CaCl2. The observed fluores-
cence anisotropy Aobs were obtained as described under “Experimental
Procedures.” The lines were generated by computer fit of the data using
the Hill equation. The Hill coefficient for TREX2WT (A) and TREX2WT/H188A

(C) is 1.4 and for TREX2WT/R163A,R165A,R167A (B) is 1.9 confirming positive
cooperativity within the TREX2 protomer.
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ate the same relative fluorescence anisotropy increase Aobs is
also increased. The higher amount ofTREX2 is required to bind
the increased 30-mer DNA generating equivalent Aobs at the
same calculated free TREX2 concentration, TREX2F, demon-
strating the general principle of the direct relationship between
protein binding density and free protein concentration in
nucleic acid association (42, 43, 46).
The equilibrium binding analysis of TREX2WT/R163A,R165A,R167A

heterodimer binding to the 30-mer DNA indicates that the
cooperativity observed in the TREX2 dimer results from
DNA binding effects from within the protomer. As observed
with TREX2WT, the TREX2WT/R163A,R165A,R167A het-
erodimer binding curves are sigmoidal indicating that the
cooperative binding effect results from DNA contacts within
the active protomer of the heterodimer (Fig. 4B). Furthermore,
the maximumDNA binding, as reflected in theAobs, is approx-
imately half that observed using the TREX2WT enzyme sup-
porting the principal role of the three loop arginines in TREX2
DNA binding. The results of the equilibrium binding analysis
using the TREX2WT/R163A,R165A,R167A heterodimer contrast
those using the TREX2WT/H188A heterodimer, which demon-
strate binding properties indistinguishable from the TREX2WT

homodimer (Fig. 4C). These data show that the three arginines
positioned on the TREX2 �6-�7 loop are the predominant res-
idues in the TREX2 30-mer DNA binding process.
The titration curves shown in Fig. 4 were used to calculate the

binding densities and the concentrations of free TREX2 in the
binding reactions. The TREX2 DNA binding isotherms relating
the binding densities to the free enzyme concentrations for
TREX2WT, TREX2WT/R163A,R165A,R167A , and TREX2WT/H188A

are shown in Fig. 5. The anisotropy data for theTREX2WT and the
TREX2WT/H188A heterodimer indicate very similar DNA
binding properties, contrasting the anisotropy detected
upon binding of the TREX2WT/R163A,R165A,R167A het-
erodimer to the 30-mer DNA (Fig. 5A). A plot of the depend-
ence of the observed increase in anisotropyAobs as a function
of the binding density for TREX2WT and the two het-
erodimer variants is shown in Fig. 5B. For the TREX2WT and
TREX2WT/H188A heterodimer, we calculate three TREX2
dimers bind to the 30-mer DNA at saturation of the protein-
nucleic acid complex. Because TREX2 is a dimer, two 30-mer
DNA oligomers bind to each TREX2 dimer to generate the
maximumobserved anisotropy that is approximately twice that
observed for the TREX2WT/R163A,R165A,R167A heterodimer (Fig.
5A). These data indicate a DNA-binding site size of approxi-
mately 10 nucleotides for TREX2. In addition, these binding
data indicate a nonlinear relationship with two binding phases.
In the first binding phase the observed anisotropy increases to
�7 corresponding to a BD of 2.3 for the TREX2WT and
TREX2WT/H188A heterodimer. In the first binding phase for the
TREX2WT/R163A,R165A,R167A heterodimer, the observed anisot-
ropy increases to�2.5 corresponding to aBDof 1.7. In the second
binding phase the observed anisotropy increases to �14 corre-
sponding to a BD of 7.0 for the TREX2WT and TREX2WT/H188A

heterodimer, and the observed anisotropy increases to �5.5 cor-
responding to a BDof 3.7 for theTREX2WT/R163A,R165A,R167A het-
erodimer. Together these data indicate that TREX2binding in the
first phase to the 30-mer DNA generates a greater change in the

observed anisotropy than detected in the second binding phase.
These data likely reflect the initial TREX2 DNA binding by the
three loop arginines and subsequent binding of the 3� terminus
into the active site within a protomer in the first phase. Additional
TREX2 dimers bind to the 30-mer by the three loop arginines in
the second phase.
Single Turnover Kinetic Analysis of TREX2—A single turn-

over kinetic analysis shows that DNAbinding is rate-limiting in
the TREX2-catalyzed reaction. The native TREX2 structure
modeled with DNA bound indicates that Arg-152 and Asn-118
in addition to the metal ion-coordinating interactions of Asp-
14, Glu-16, Asp-123, and Asp-193 provide the major electro-
static interactions with a DNA substrate within the 3�-exonu-
clease active site (20). Our recent TREX2 structure with bound
DNA confirms these interactions.4 Together, our available

4 U. de Silva, F. W. Perrino, and T. Hollis, submitted for publication.

FIGURE 5. Binding isotherms of TREX2 and variants. The concentrations of
free TREX2 and TREX2 binding density were calculated in DNA binding reac-
tions from the TREX2 titrations in Fig. 4 and analyzed as described under
“Experimental Procedures.” Plots relating the observed anisotropy Aobs to the
free TREX2 (A) are fits of the TREX2 cooperative binding to the 30-mer DNA
using a binding site size n � 10 nucleotides, an intrinsic binding constant K �
1.8 	 104

M
�1, and a cooperativity parameter � � 1.0 	 103. Plots relating the

observed anisotropy Aobs to the calculated binding density (B) show the two
TREX2 binding phases. In the first binding phase the observed anisotropy
increases to �7 for TREX2WT and TREX2WT/H188A heterodimer and to �2.5 for
TREX2WT/R163A,R165A,R167A heterodimer. In the second binding phase the
observed anisotropy increases to �14 for the TREX2WT and TREX2WT/H188A

heterodimer and to �5.5 for the TREX2WT/R163A,R165A,R167A heterodimer.
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structural and kinetic data support a model where the
TREX2 Arg-163, Arg-165, and Arg-167 on the �6-�7 loop
bind first to the DNA backbone and subsequently position
the DNA 3� end into the active site. This model predicts that
DNA binding might be rate-limiting in the TREX2-catalyzed
reaction, and we performed single turnover reactions com-
paring TREX2WT with TREX2R163A,R165A,R167A variant to
test this possibility. We first determined the appropriate
TREX2 and DNA concentrations that establish pseudo-first
order reaction conditions by incubating a single amount of
TREX2 with four different concentrations of the 30-mer
DNA substrate (Fig. 6A) and by incubating four different
amounts of TREX2 with a single concentration of the 30-mer
DNA substrate (Fig. 6B). The TREX2 was in excess (2.5–10-
fold) over DNA substrate in all reactions. The observed exci-
sion rate (kobs) for TREX2WT was determined in these time
course experiments by quantifying the oligonucleotide prod-
ucts and plotting the disappearance of full-length 30-mer
DNA substrate. The data show that disappearance of the
30-mer DNA corresponds closely to a single exponential fit.
Furthermore, these results demonstrate that the TREX2WT

kobs � 63 s�1 is independent of the DNA substrate concen-
trations that were tested (Fig. 6C) and that the kobs is directly

related to the concentration of TREX2WT used in these reac-
tions (Fig. 6D). These data support a TREX2 mechanism in
which DNA binding is the rate-limiting step.
Single turnover analysis of TREX2R163A/R165A/R167A indi-

cates that binding of DNA by the �6-�7 loop constitutes a
binding region distinct from that of the active site, thus iden-
tifying two DNA-binding sites in each TREX2 protomer.
Like TREX2WT, single turnover reactions using
TREX2R163A,R165A,R167A show that the kobs � 2.5 s�1 is inde-
pendent of the DNA substrate concentration tested and that
the kobs is directly related to the concentration of enzyme used
in the reactions (data not shown). A direct comparison of
TREX2WT with TREX2R163A,R165A,R167A excision under single
turnover conditions is shown in Fig. 7. The time course for
TREX2R163A,R165A,R167A excision was extended relative to that
of TREX2WT, and the excision products were separated and
quantified for comparison. Importantly, despite elimination of
all three arginines on the principal DNA binding loops, the
TREX2R163A,R165A,R167A enzyme retains considerable catalytic
function at a reduced rate demonstrating binding of the 30-mer
DNA substrate into the active site and subsequent catalysis.
These data indicate the presence of two distinct DNA-binding
sites in each TREX2 protomer.

FIGURE 6. Single turnover kinetics of TREX2 using an ssDNA 30-mer. The TREX2 was mixed with FAM-labeled ssDNA 30-mer oligonucleotide to yield the
indicated final enzyme and DNA concentrations and quenched at the times indicated (A and B). The oligonucleotide products were quantified, and the amount
of 30-mer remaining in the time course reaction is shown (A and B). The curves of the loss of the 30-mer in the time course reactions were generated by fitting
the data to a single exponential equation as described under “Experimental Procedures.” A plot of the TREX2 kobs at different DNA concentrations (C) and using
different TREX2 concentrations (D) supports a mechanism in which DNA binding is rate-limiting in TREX2 catalysis.
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DISCUSSION

The TREX2 protein is a dimer consisting of two identical
protomers. Our previous studies used a sensitive biochemical
assay to confirm the catalytically robust activity of this dimeric
enzyme (7, 39). The catalytic residues responsible for phos-
phodiester bond cleavage were identified (20), but how pre-
cisely TREX2 achieves the measured high catalytic efficiency
has remained obscure. The studies presented here show that
TREX2 combines the efficient hydrolytic chemistry of the
active sites with a DNA binding mechanism that includes two
distinct regions in each of the TREX2 protomers of the dimer.
In addition, there is communication across the dimer interface
demonstrating the dependence of the dimeric structure for
coordination of exonuclease action between the distantly
located active sites contributing to the high catalytically effi-
ciency of the enzyme.
Specifically targeted variant enzymes were prepared to

address functional requirements for high catalytic efficiency in
the TREX2 dimer. All of the TREX2 enzymes in which Arg
residues on the �6-�7 loop were changed to Ala clearly show
decreased exonuclease activities (Fig. 1 and supplemental Fig.
2), and a steady-state kinetic analysis shows that the diminished
catalytic efficiency in these enzymes is exhibited through
altered DNA binding capacity as indicated by the increased Km
values (Table 1 and supplemental Fig. 3). Thus, our data show
that Arg-163, Arg-165, and Arg-167 each contribute to DNA
binding and high catalytic efficiency in TREX2. These data are
in conflict with a previously published report that failed to

detect a contribution in TREX2 DNA binding by Arg-163 (48).
This apparent discrepancy might result from the different
methodologies and reaction conditions used to measure DNA
binding in these studies. Our data suggest that the three posi-
tively charged arginine residues on the flexible loops positioned
adjacent to the active sites bind DNA first, most likely to the
negatively charged phosphodiester backbone, but interactions
with the bases cannot be ruled out from the current data. The
flexible nature of the binding loops could provide a mechanism
whereby TREX2 scans the DNA phosphodiester backbone
facilitated by the Arg-163, Arg-165, and Arg-167 contacts to
identify polynucleotide discontinuities and to locate available
3� termini. The DNA binding loop amino acid sequences of
TREX2 are highly conserved from various species and unique
when compared with the DNA binding loop sequences of
TREX1 (20, 21). This unique TREX2 DNA binding loop region
appears to be ideally positioned on the exterior surface of each
protomer to facilitate the initial DNAbinding event leading to a
“scanning-like” process by which TREX2 identifies available 3�
termini. Such a bindingmechanismwould be analogous to that
of other DNA processing enzymes that first contact DNA non-
specifically and are then directed to more sequence- or struc-
ture-specific enzyme-DNA interactions by a diffusion mecha-
nism as has been described for many enzymes that utilize
polymers such asDNAas substrates (17, 49–52). TREX2differs
from many DNA-binding enzymes in that there is no apparent
DNA-binding groove or closed structure in the protein to con-
tribute to DNA binding. Thus, TREX2 likely represents the
class of proteins that initially contact DNA nonspecifically, and
upon encountering the appropriate structure (i.e. an available
3� terminus for TREX2), the disordered loop region undergoes
a folding transition to facilitate the DNA structure-specific
binding event and subsequent catalysis (53). This partial sepa-
ration of the DNA binding and exonuclease activities within
TREX2 was also suggested in a previous study (48).
The equilibrium binding study presented here provides new

insights into the precise binding mechanism of TREX2 to
ssDNA polynucleotides, and a model is proposed to describe
this binding process (Fig. 8). There are two regions on each of
the TREX2 protomers that contribute to DNA binding in the
dimer, the arginine-containing �6-�7 loops and the four active
site DEDD carboxylate residues positioned to coordinate two
Mg2� ions in the active sites for catalysis. A major challenge in
these binding studies was to identify appropriate conditions to
measure TREX2 DNA binding contributions by these two
regions while preventing catalytic degradation of the DNA. To
perform DNA binding studies under conditions that we previ-
ously showed optimal for catalysis, two important consider-
ations were made. First, our TREX2 DNA binding analysis was
performed at low monovalent salt concentration to optimize
the TREX2-DNA interaction that is mostly governed by the
arginines on the TREX2 loop regions. DNA-binding proteins in
general are known to be affected bymonovalent salt concentra-
tions, and the driving forces behind these effects are complex
(54). Our previous data show that TREX2 exonuclease activity
is sensitive to monovalent salts above 50 mM (7). Second, these
DNA binding studies were performed in the presence of the
divalent ion Ca2�, which provides the appropriate active site

FIGURE 7. Comparison of TREX2WT and TREX2R163A,R165A,R167A single turn-
over kinetics. The TREX2WT (E) or TREX2R163A,R165A,R167A (F) (2000 nM) was
mixed with FAM-labeled ssDNA 30-mer oligonucleotide (200 nM) and
quenched at the times indicated. The oligonucleotide products were sub-
jected to electrophoresis on 23% polyacrylamide gels (upper panels) and
quantified. The amounts of 30-mer remaining at the sampled times are plot-
ted. The curves of the loss of the 30-mer in the time course reactions were
generated by fitting the data to a single exponential equation yielding the
TREX2WT kobs � 63 � 4.7 s�1 and TREX2R163A,R165A,R167A kobs � 2.5 � 0.30 s�1.
The amplitudes for the TREX2WT and TREX2R163A,R165A,R167A reactions were
180 and 130 nM, respectively.
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coordination chemistry without activating the TREX2 exonu-
clease (Fig. 3C). Thiswas demonstrated in binding studies using
a TREX2 variant in which the active site His-188 was mutated
to Ala to prevent generation of the nucleophile but to allow the
Mg2�-mediated DNA binding within the active site. Our stud-
ies show that maximal TREX2 DNA binding efficiency is
achieved at monovalent salt concentrations below 50 mM (data
not shown) and in the presence of a divalent ion such as Mg2�

or Ca2� (Fig. 3) consistent with our previous TREX2 exonucle-
ase activity analysis (7). Thus, our systematic approach identi-
fied appropriate conditions to maximize TREX2 DNA binding.
Additional analyses are required to identify the nature of the
TREX2 salt sensitivity with respect to activity and DNA
binding.
A model is proposed for TREX2 DNA binding of an ssDNA

polynucleotide (Fig. 8). Our finding that multiple TREX2
dimers bind to an ssDNA polymer provides a framework to
understand the potential mechanism of how TREX2 identifies
3� termini in DNA. TREX2 likely first contacts the DNA phos-
phodiester backbone using the �6-�7 loop arginines and slides
freely along the DNA sampling for available 3� termini (Fig. 8).
Titrations of increased concentrations of TREX2 using the
30-mer ssDNA oligonucleotide reveal that up to three TREX2
dimers bind to the polynucleotide allowing one to calculate a
10-nucleotide DNA binding site-size for TREX2. The method
employed here to derive a quantitative measure of the TREX2-
binding site size has been used previously to examine binding to
a polynucleotide lattice (47) and has provided considerable
insight into the mechanisms of protein-nucleic acid
interactions (42, 43). The sigmoidal shape of the TREX2
DNA binding curves indicates cooperativity in the binding
process. A comparative analysis of TREX2WT with the
TREX2WT/R163A,R165A,R167A heterodimer shows that the sig-
moidal binding isotherm is retained in the heterodimer despite
the nearly complete loss of DNA binding capacity in one of the
TREX2 protomers (Fig. 4B). This observation indicates that the
cooperative binding in TREX2 is not likely a result of allosteric
effects transmitted across the dimer interface. Instead, these
data are most indicative of a cooperative TREX2 binding effect
between TREX2 dimers bound along the ssDNA. Furthermore,
the observed anisotropy of TREX2WT is approximately double
that of the TREX2WT/R163A,R165A,R167A heterodimer consistent
with the potential to bind two ssDNA 30-mer polymers in the
TREX2WT and only one in this heterodimer. The TREX2 dimer
at the 3� end of the ssDNA 30-mer is positioned to load approx-
imately four nucleotides of DNA into the active site DNA bind-
ing pocket. This DNA binding mechanism is supported by the
equilibriumbinding and single turnover studies presentedhere,
and suggest some processivity in TREX2 DNA binding that
might be limited to steps before catalysis. Our data do not dis-
tinguish between a two-step bindingmechanism inwhich rapid
equilibriumbinding occurs first by theArg163–167 followed by
a rate-limiting conformational change to position the 3� end
into the active site or a single binding step.

FIGURE 8. Model of TREX2 binding to ssDNA. The data presented in this
study indicate that TREX2 binds first nonspecifically to the DNA through con-
tacts between the �6-�7 loop arginine residues and the DNA phosphodiester
backbone (A). This initial binding would allow TREX2 to “scan” the DNA back-
bone to identify 3� termini. Upon identification of an available 3� terminus the
DNA is positioned into the active site for potential 3�-exonuclease action (B).
Increased amounts of TREX2 result in increased TREX2 binding via the argi-
nine loop residues until saturation of the 30-mer DNA with one TREX2 bound
to approximately 10 nucleotides of ssDNA (C). The second protomer in the
TREX2WT dimer is accessible for binding to a second ssDNA 30-mer in contrast

to the TREX2WT/R163A,R165A,R167A heterodimer, which accounts for the
approximately half-maximal observed anisotropy Aobs measured using the
TREX2WT/R163A,R165A,R167A heterodimer relative to the TREX2WT dimer (see Fig. 4).
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A strategy to generate heterodimeric TREX2 variants has
revealed coordinated exonuclease action within the dimer. In
an attempt to test the requirement of the dimeric structure on
TREX2 activity, several mutagenesis approaches were tried
without success to generate a monomeric TREX2 enzyme. A
major contribution to the stability of the TREX2 dimer struc-
ture results from the centrally located extended �-sheet that
connects the individual �-sheets of each protomer at the dimer
interface. Amino acid substitutions in TREX2 designed to
replace salt bridges between the protomers with repulsive cen-
ters resulted in inactivation of the TREX2 enzyme but failed to
disrupt the dimeric structure (data not shown). Todemonstrate
coordinated catalysis within the TREX2 dimer, we measured
exonuclease activity in one TREX2 protomer that was in com-
plexwith a variant TREX2 protomer. The kinetic stability of the
TREX2 heterodimer was considered, because potential subunit
exchange could influence interpretation of our heterodimeric
TREX2 enzyme studies. Although we cannot formally rule out
some level of subunit exchange leading to redistribution of the
TREX2 protomers after purification, no changes in TREX2 het-
erodimer activities that might accompany such an exchange
have been detected in the heterodimer preparations indicating
kinetic stability in the TREX2 dimer under the conditions used
in these studies. A 7-fold decrease in exonuclease activity was
detected in the TREX2 dimer when one protomer was catalyt-
ically defective but fully capable of binding DNA. In contrast, if
the defective TREX2 protomer lacks DNA binding activity,
there is nomeasurable effect on the opposing wild-type TREX2
protomer. These data suggest a coordinated catalytic mecha-
nism communicated across the dimer interface from one active
site to the other that is dependent uponDNAbinding and catal-
ysis in the opposing protomer.When one protomer bindsDNA
appropriately but fails to catalyze nucleotide excision, the
required structural signal is not communicated to the opposing
protomer to affect excision activity. The coordination of the
TREX2 active sites that are�35Å apart is likely communicated
through the salt bridge pairs of Glu-191:Lys-59 positioned
between the active sites at the dimer interface of TREX2. The
position of the nucleophile-generating His-188 is on a mobile
loop at the end of a helix that is likely affected by the Glu-191
participation in the salt bridge across the dimer interface. Our
TREX2 structural studies show that the N� of Lys-59 is shifted
by �5.1 Å dependent upon the presence of DNA in the active
site supporting this mechanism of communication in the
TREX2 dimer.4 It is likely that this coordinated excision mech-
anism is fine-tuned for optimal activity on the true biological
substrate ofTREX2,which remains to be identified.Our studies
indicate that biological substrates of the TREX2 dimer might
include duplex DNA containing nicked strands where TREX2
might act to melt the duplex and generate the single-stranded
DNA for entry into the active site.
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